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ABSTRACT
Core Microbiome to Fingerprint Dust Emission Sources
Across the Western United States of America
DeTiare Lisa Leifi
Department of Plant and Wildlife Sciences, BYU
Master of Science
Over the past century, dust emissions have increased in frequency and intensity due to
anthropogenic influences and extended droughts. Dust transports microbes, nutrients, heavy
metals and other materials that may then change the biogeochemistry of the receiving
environments. The purpose of this study was to find whether unique bacterial communities may
provide distinct fingerprints of dust sources in the Western USA. We collaborated with the
National Wind Erosion Research Network (NWERN) to identify bacterial core communities
(core) of dust from ten NWERN sites, and compared communities to location, soil, and regional
characteristics. In order of importance, precipitation levels (F = 43, P = 0.0001, Df = 2, r2 =
0.25), location (F = 16, P = 0.0001, Df = 5, r2 = 0.23), soil texture (F = 14, P = 0.0001, Df = 3, r2
=0.12), seasonality (F = 11, P = 0.0001, Df = 2, r2 = 0.064), and elevation (F = 5.7, P = 0.0002,
r2 = 0.033) determined bacterial community composition. Bacterial core communities were
defined as taxa present in at least 50% of samples at each site and offered predictable patterns of
dust communities in terms of abundant (> 1% relative abundance) and rare (< 1% relative
abundance) signatures. We found distinct bacterial core communities that reflected dust source
systems, for example, sites contaminated with heavy metals contained Romboutsia, Turicibacter,
Clostridium sensu stricto 1, Geodermatophilus, and Microvirga. Sites with association to plants
and biocrusts contained Methylobacterium-Methylorubrum, Bradyrhizobium, Paenibacillus
thermoaerophilus, Cohnella, and bacterial families Solirubrobacteraceae, Sphingobacteraceae,
and Myxococcaceae. The presence of Sphingomonas, Stenotrophomonas, Rhodococcus, and
Phenylobacterium were found in hydrocarbon contaminated soils. High stress (UV radiation and
desiccation) sites contained Deinococcus, Blastococcus, and Modestobacter. We found that
seasonal changes affected microbial community composition in five NWERN sites (CPER,
HAFB, Jornada, Red Hills, and Twin Valley) (p < 0.05), while no seasonal effects on bacterial
distribution were observed at Moab. Our results identify that the use of core microbiomes may
offer a fingerprinting method to identify dust source regions.

Keywords: western USA, core microbiome, bacterial biome, dust, dust emission, dust source,
actinobacteria, proteobacteria, firmicutes.
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INTRODUCTION
Recent increase in frequency and intensity of dust events (Nauman et al., 2018) is a major
concern as dust transports nutrients, microbes, heavy metals, and microplastics across vast
distances (Moser et al., 2019; Shao et al., 2011; Griffin, 2007) often degrading ecosystems and
human health. Catastrophic dust events are woven into world history, like the Dust Bowl of the
1930s in the USA (Peters et al., 2017) and the Potato Blight in Ireland caused by fungi carried in
the wind (Brown and Hovmoller, 2002). Wind eroded soil is often transported across continents
over many hundreds of miles and affects receiving ecosystems (Griffin, 2007), as is the case with
African desert dust transported to European Alps (Chuvochina et al., 2011; Meola et al., 2015),
and Barbados and West Indies (Prospero et al., 2005). In downwind urban environments dust
impairs air quality and visibility, causing respiratory illnesses and automobile accidents (Goudie,
2014; Nauman et al. 2018, Griffin et al., 2001). ‘Haboob Lung Syndrome’, dust-associated
pneumonia, was recorded after dust storms in Lubbock, Texas (Panikkath et al., 2013). Valley
Fever or coccidioidomycosis, a fungal respiratory infection caused by inhaling fungal spores of
Coccidioides immitis, which is dispersed when soil surfaces are disturbed, is on the rise as
wildfires have spread across California over the past few years (Kobziar and Thompson, 2020).
Sensitive alpine lakes are recipient of nutrients and microbes in dust deposition and are
susceptible to changes in lake chemistry (Moser et al., 2019; Griffin, 2007; Brahney et al., 2015).
Dust deposited on snowpack mountains changes snow chemistry, which in turn decreases
regional water supply (Dastrup et al., 2018; Fassnacht et al., 2022; Painter et al., 2010). A
prolonged time of decreased water supply or drought further exacerbates the issue and increases
aridity in an already arid landscape (Duniway et al., 2019).
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Dust emission sources originate from wind-driven erosion of dry and degraded soils typical
in desert locales (Lee et al., 2012; Duniway et al., 2019). These drylands (i.e., sand dunes, loess,
playas, alluvial pans, degraded rangelands) cover roughly 41% of the earth’s surface (Reynolds
et al., 2017) and within the USA are found predominantly in western regions (Duniway et al.,
2019). The Great Plains and the Great Basin are individual source regions with the highest
frequency of dust emissions. These dryland areas have both erodible sediment and high wind
speeds (Goudie, 2014; Gillette and Hanson, 1989). Large areas of US drylands have experienced
some degree of degradation due to fire, historical and current land-use practices, and longer
droughts that increase aridity (Neff et al., 2008, Nauman et al., 2008, Reynolds et al., 2001).
Overall, dryland areas are sensitive to climate change and land-use alterations have caused
substantial, rapid, and unchangeable shifts from stable to highly degraded ecosystems
(Bestelmeyer et al., 2011; Webb and Strong, 2011). Within drylands “biocrusts” are soil
communities of mosses, algae, lichens, and cyanobacteria that stabilize soil surfaces. Biocrusts
may withstand high wind speeds but are vulnerable to wind erosion after soil disturbances
(Belnap and Gillette, 1997). The cyanobacterial filaments that stabilize biocrusts have high shear
strength; however, once compacted or compressed they are weakened (Belnap and Eldridge,
2003). Disturbances such as those caused by off-highway vehicles (OHVs) (Belnap et al., 2007)
or large grazers (Duniway et al, 2019; Belnap et al., 2009) may cause this type of biocrust
breakdown. Agriculture, rangelands, recreational activity, and energy source exploration make
up a considerable portion of these dryland dust sources (Lee et al., 2012 and Ginoux et al., 2012)
because these anthropogenic activities cause soil surface disturbance. Key characteristics
common in erodible landscapes is (1) fine grain, dry, and loose soil; (2) little to no vegetation
with smooth soil surfaces; and (3) an adequately large vulnerable area (Duniway et al., 2019).
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Although these features are extremely common in dryland ecosystems of the Western USA, like
dried lake beds or fluvial areas that are notable dust sources (Duniway et al., 2019), high dust
emission observed in many places are a result of historic or current anthropogenic land use
(Duniway et al., 2019; Reheis et al., 2009). In the 19th century, after the large-scale US
settlement of the West, dust-load increased ~500% more than the late Holocene average because
of both drought and the growth of livestock grazing in the early 1800s (Neff et al., 2008). For
example, on the Colorado Plateau, during average and above-average rainfall years, grazed sites
regularly produced 2.8 times more dust material than ungrazed sites. However, during drought
years it was an increase of up to 50- to 100-fold (Belnap et al., 2009; Nauman et al., 2018).
Consequently, wind erosion and its effects are a topic of major public concern. Agencies
were created to gather scientific data to further understand aeolian processes and its effects. The
establishment of the National Wind Erosion Research Network (NWERN) in 2014 aims to
alleviate some of the publics concerns by providing long-term detailed wind erosion data,
following standard protocols across different land-use and management systems, that will further
enhance scientific understanding of dust processes. NWERN has three main goals to, (1) provide
data on wind erosion processes across different land-uses and land cover under different
management types, (2) assist in developing wind erosion models, and (3) champion
interdisciplinary collaboration to expand the science and apply it to further understanding and
managing dust processes and dryland environments (NWERN, www.winderosionnetwork.org).
Bacterial communities may be used to trace or fingerprint dust sources, as bacteria
transported on and within dust provides insights into the regional geographic sources of the
bioaerosol. Entrained dust harbors thousands of bacterial species in unique combinations
reflecting the ecology, land use history, seasonal signatures, and disturbance regimes of the
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originating soil. Dust in northern Utah contained bacterial species unique to a given airshed,
reflecting sources from playas and urban areas (Dastrup et al., 2018). Certain bacterial
communities are associated with specific crop or plant soils (Johnson et al., 2003; Miethling et
al., 2000). High load events from dryland soils in Arizona were largely traceable to proximal
agricultural practices like cotton and livestock farming based on taxa within Microbacteriaceae,
Micrococcaceae, and Deinococci and from plant and soil sources associated with Sphingomonas,
Streptomyces, and Acinetobacter species (Finn et al., 2021). Soils with higher moisture content
in the western European plains were dominated by Proteobacteria, but soils in drier conditions
have more Actinobacteria usually from the family Solirubrobacteriaceae (Pershina et al., 2018).
Extremophiles and halotolerant bacteria, like Rubrobacteraceae, may dominate in very dry and
hyper-saline environments (Connon et al., 2007; Keshri et al., 2013; Pershina et al., 2018).
Bacteroidetes, Cyanobacteria and Actinobacteria phyla are usually abundant in desert soils, and a
closer examination past the phylum level may lead to bacterial community signatures identifying
the sources of regional dust (Fierer et al., 2012; Lee et al., 2012). Collectively, the aerobiome
originating from terrestrial systems harbors a bacterial signature with prospects for tracing even
trans-Pacific dust (Smith et al., 2013).
We therefore hypothesize that bacterial communities will differ between dust source regions
and offer fingerprinting value. To identify these fingerprints, we will focus on those bacteria that
are major and minor players shown by relative abundance that are present across many of the
samples per site. In addition, we hypothesize that seasonal changes will also cause a shift in the
microbial community composition of dust sources due to changes in climate and precipitation
that are common during seasonal shifts. The use of 16S rRNA microbial fingerprinting to
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identify dust sources may assist in the management of both natural and anthropogenically
disturbed soil surfaces.

MATERIALS AND METHODS
Site Descriptions
We collaborated with the NWERN to analyze dust samples from their network sites
(Figure 1). NWERN regularly collected dust samples and used the same dust entrainment
samplers across the various locations. We selected ten location sites from six states across the
Western USA with varying land-uses, vegetation, elevation, and soil types (Table 1). The
following site descriptions were found from the NWERN website
(www.winderosionnetwork.org).

Colorado
Two of the NWERN site locations that we studied were from Colorado state – Akron and
Central Plains Experimental Range (CPER). Both sites were located on the Central Great Plains
Research station and were managed as part of the USDA-ARS (United States Department of
Agriculture – Agricultural Research Service) Long Term Agro-ecosystem Research (LTAR)
network. Akron and CPER shared similar semi-arid climates with cold, dry winters and hot, dry
summers. Additionally, both sites shared similar soils that formed in medium textured calcareous
loess that were deep and well-drained.
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Akron
The Akron location is managed as a cropland agricultural site with no-till in the winter
and summer fallow rotation of wheat, corn, and millet. It is located approximately 7km east of
Akron in Washington County, Colorado and 154km southeast of the CPER site. The Akron site
had an elevation of 1383m above sea level and the terrain is characterized by level plains and
rolling hills. The annual average precipitation level was 421mm where 72% of the annual rainfall
typically occurred between the months of April and August. In July, the average monthly
minimum and maximum temperatures ranged between 15° C and 31° C and in January, the
temperature ranged from -9° C to 3.5° C. The surface soil texture was a loam to Silt Loam. The
slope was 0% at the site, whereas the nearby terrain slopes ranged from 0 to 3%.

Central Plains Experimental Range (CPER)
The CPER site was a rangeland site that was grazed by cattle. This site is encompassed
by the Pawnee National Grassland in the north and located 40km northeast of Greeley, Colorado.
The elevation of this site was 1650m above sea level and the area was characterized by rolling
hills and terraces. The average annual rainfall is 320mm where 70% of the annual precipitation
occurred between the months of April and September. In July, the average monthly minimum
and maximum temperatures ranged between 14° C and 34° C and in January, the temperature
ranged from -9° C to 8° C. The vegetation at this site was predominantly blue grama and a
mixture of other warm season grass types. In areas not impacted by grazing cattle or animals
biocrusts were dominantly present. The surface soil texture was a sandy clay loam above fine
sandy loam. This site had a slope of 0% however the surrounded terrain slopes range from 0 to
15%.
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New Mexico
Three of the NWERN site locations that we studied were from New Mexico state –
Holloman Air Force Base (HAFB), Jornada Experimental Range (Jornada) and Lordsburg Playa
(Lordsburg).

Holloman Air Force Base (HAFB)
The HAFB site was a protected military air force base located in the northern Chihuahuan
Desert and managed as a rangeland and were grazed by cattle and gemsbok. This site was in
south-central New Mexico within the Tularosa Basin and approximately 67km northeast of the
Jornada site. To the west of HAFB was the San Andres Mountains and to the east the
Sacramento Mountains. Immediately to the west of the site lay the White Sands National
Monument and White Sands dunes. The elevation of this site was at 1267m above sea level with
some nearby summits in the Lincoln National Forest that reached 3652m. The average annual
rainfall was 278mm where 50% of the annual precipitation occurred between the months of June
and September. The average annual maximum and minimum temperature for this site ranged
between 25° C and 8.5° C. The vegetation at this site was a mixture of native grasses, forbs, and
shrubs. The soil surface consisted of biocrusts that were visibly present as darkened crusts.
Species of lichen were also attached to biocrusts at the soil surface. The soil texture was fine
sandy loams, while subsurface soil texture was coarser sandy loams. This site has a slope of 0%.
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Jornada Experimental Range (Jornada)
The Jornada Experimental Range was a part of the USDA-ARS Long Term Agroecosystem Research (LTAR) network. This location was a rangeland site that was grazed by
cattle and located in south-central New Mexico within the Jornada Basin. Like the HAFB site,
the Jornada site was in the northern Chihuahuan Desert, however it was bordered by the Rio
Grande Valley to the west and the San Andres Mountains to the east. The elevation of this site
was 1320m above sea level with nearby summits of the San Andres Mountains reaching 2747m.
The average annual rainfall for the Jornada Basin was 250mm where 60% of the annual
precipitation occurred between the months of June and September. The average annual
maximum and minimum temperature for this site ranged between 25° C and 5° C. The
vegetation at the Jornada site consisted of a mixture of native species of grasses, perennial forbs,
and shrubs. The surface soil consisted of weak biocrust presence. The soil texture was sandy
loam with subsurface soil textures ranging from sandy loam to sandy clay loam. The slope at this
site was less than 0.5%.

Lordsburg Playa (Lordsburg)
The Lordsburg Playa site was situated on a dried lakebed and managed as a rangeland
site that was grazed by cattle. This site was located approximately 20km southwest of Lordsburg,
New Mexico. It was in the northern Chihuahuan Desert with the Peloncillo Mountain range to
the west and the Pyramid Mountains to the east. This site was at an elevation of 1267m above
sea level. There was little to no vegetation at this location.
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Utah
There was only one NWERN site in Utah and was located in Moab.

Moab
The Moab site was in south-eastern Utah on Bartlett Flat and categorized as a rangeland
that was grazed by native herbivores and cattle. To the west of this site was the Green River and
Labyrinth Canyon and to south was the Canyonlands National Park – Island in the Sky District.
This site had an elevation of 1575m above sea level and was situated on a mesa or flat-top
mountain. The average annual rainfall in this area was approximately 229mm. Precipitation fell
consistently throughout the years, with slightly more rainfall occurring in October and slightly
less occurring in June, when compared to other months. In July, the average monthly minimum
and maximum temperatures ranged between 19° C and 33° C and in January, the temperature
ranged from -6° C to 3° C. The vegetation type at this site was predominantly warm season
grasses with some woody species. The soil texture was loamy fine sands with very fine sandy
loams at the subsurface level. Well-developed biocrusts at this locale stabilized the soil surfaces,
however within the Moab site there was a weak presence of biocrusts due to livestock grazing.
The slope at this site was less than 1%.

North Dakota
There was only one NWERN site in North Dakota – the Northern Plains site that was
located in Mandan.
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Northern Plains - Mandan
The Mandan site was a part of the Long Term Agro-ecosystem Research (LTAR)
network and managed by the USDA Northern Great Plains Research Laboratory (NGPRL). The
Mandan site was categorized as a dryland cropping area under no-till management with various
cropland studies and treatments. The main crops that were grown at the Mandan site were
sunflowers, soybean, and canola. This site was about 6km south of Mandan, was within the
Temperate Steppe region of North Dakota and situated on the Missouri Plateau. The elevation
level for this site was 593m above sea level. The mean annual rainfall was 410mm at the site
with approximately 330mm of rainfall that occurred the growing seasons of April to September.
The daily mean temperature in the summer was 21° C and -11° C in the winter, with an annual
average temperature of 4° C. The site topography consisted of rolling hills (0 – 3% slope). The
soil texture at the site was fine silt loam.

Oklahoma
There was only one NWERN site in Oklahoma – the Southern Plains site that was located
in El Reno.

Southern Plains – El Reno
The El Reno site was a no-till winter wheat agricultural site. It was in El Reno, Oklahoma
and about 50km west of Oklahoma City. It was managed by the USDA Agriculture Research
Service Grazinglands Research Laboratory and was a part of the Long Term Agro-ecosystem
Research (LTAR) network. The site elevation was 420m above sea level. The average annual
rainfall was 815mm where 70% of the annual precipitation occurred in spring and summer. The
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mean temperature at the site ranged from 0.5° C in January to 30° C in August. The dominant
vegetation at the site was winter wheat with annual grasses. Soil type was not studied at this site.

Nevada
Two of the NWERN site locations that we studied were from Nevada state – the Red
Hills and Twin Valley sites. Both sites were relatively close to one another and categorized as
rangeland areas that were grazed by wild horses and cattle. Red Hills and Twin Valley were
managed by the USDA-ARS Great Basin Rangelands Research unit in Reno, Nevada but the
grazing was managed by the Bureau of Land Management (BLM) office in Winnemucca,
Nevada. These sites shared similar semi-arid climates. The average annual precipitation for both
locations was about 200mm and a bulk of it occurred as winter snow. The summers were warm
and dry. The average temperature at both sites ranged from 7° C to 10° C. In July 2018, the
Martin Fire burned almost 100% of surrounding areas of the Red Hills and Twin Valley sites.

Red Hills
The Red Hills site was 30km northeast of Paradise Valley, Nevada. The site was located
near an alluvial fan remnant and the surrounding terrain was a mixture of alluvial fans and low
hills. The Red Hills site elevation was 1725m above sea level. Following the fire in 2018, many
annual and perennial forbs were observed. Biocrusts were common at the site before the fire. The
surface soils were loams while the subsurface soils were clay loams.
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Twin Valley
The Twin Valley site was 28km south of the border between Nevada, Oregon, and Idaho.
The site terrain was a plateau with rolling hills and low-sloped drainage basins. The elevation at
this site was 1668m above sea level. Well-developed biocrusts were common at this site before
the fire in 2018. At this site, the surface and subsurface soil texture were silt loam.

Sample Collection
From the NWERN sites, we analyzed samples from across three years (2018 – 2020) that
were seasonally grouped (Spring, Summer, and Fall). Spring season samples were collected from
March – May, Summer samples were collected from June – August, and Fall samples were
collected from September – November. NWERN uses Modified Wilson and Cook (MWAC)
samplers that collects material at separate heights to measure horizontal sediment mass flux and
materials moved by saltation and rolling (Mendez et al., 2011). Sediment was collected with
Modified Wilson and Cook (MWAC) (Figure 2) entrainment samplers because of reliability,
simplicity of use and maintenance, as well as efficiently trapping sediments (Webb et al., 2015).
The Standard Methods for Wind Erosion Research and Model Development: Protocol for the
National Wind Erosion Research Network systematizes the site selection, MWAC locations, data
collection, sample storage and analysis across the network (Webb et al., 2015). We processed the
dust contained in the two highest containers because dust particles higher off the soil surface are
more representative of dust suspended over longer distances due to smaller grain size (AcostaMartinez et al., 2015; McTainsh et al., 1996).
At each site, three MWAC samplers were randomly placed in each grid cell of a one
hectare 3 x 3 grid. The MWAC samplers were installed on a mast with a wind vane that directs
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the sediment collector to face the wind. Each MWAC holds 4 collection containers of differing
heights above ground of 10cm, 25cm, 50cm 85cm, and were collected monthly. Sediment was
removed by either dry or wet collection methods as outlined by NWERN in their protocol. The
dust samples were then stored in clean plastic vials where they were shipped to our lab at
Brigham Young University for analyses.

Bacterial Genomic Extraction
We performed 16S rRNA gene sequencing analyses to study microbial community
composition in the NWERN sites. We extracted genomic DNA from 250mg of dust samples
with the Qiagen DNeasy PowerSoil Pro Kits (Qiagen, Kilden, Germany). Before weighing the
sediment, we shook the bags and inverted the containers to mix the dust for a representative
sample. We then followed the manual as stated by the Qiagen Quick-Start Protocol. The
resulting DNA purity and concentration were measured on a NanoDrop One Microvolume UVVis Spectrophotometer with WiFi (Thermo Fisher Scientific, Waltham, MA USA). The extracted
DNA was sent to Utah State University Center for Integrated Biosystems for further PCR
amplification and Illumina MiSeq (Illumina, San Diego, CA USA) 16S rRNA amplicon
sequencing analyses.

Microbial Sequencing and Processing
The downstream analyses of the 16S rRNA sequences were performed on the
bioinformatic pipeline - QIIME 2 2022.2 (Bolyen et al., 2019). The sequences were
demultiplexed and denoised using DADA2 (Callahan et al., 2016). Using amplicon sequence
variants (ASVs) that were then aligned with mafft (Katoh & Standley, 2013) and the
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phylogenetic tree was created with fasttree2 (Price et al., 2010). All sequences were rarefied to a
sampling depth of 3000 sequences per sample. The samples from NWERN were analyzed and
filtered based on metadata information (McDonald et al., 2012). All NWERN sequences were
rarefied to 1244 sequences per sample. The q2-diversity plugin generated alpha-diversity metrics
(observed features, Faith’s Phylogenetic Diversity (Faith, 1992), beta-diversity metrics (weighted
UniFrac) (Lozupone et al., 2007), Bray Curtis (Bray & Curtis, 1957), and Principal Coordinate
Analyses (PCoA). ASVs were allocated to microbial taxonomies using q2-feature-classifier
(Bokulich et al., 2018) classify-sklearn naïve Bayes taxonomy classifier against the Silva 138
99% ASVs reference sequences (McDonald et al., 2012). Bacterial community composition and
differences were estimated with a PERMANOVA in R with Weighted UniFrac distance matrix.
The packages used were microbiome (Lahti and Shetty, 2017), phyloseq (McMurdie & Holmes,
2013), qiime2R (Bisanz, 2018), and DESeq2 (Love, Huber & Anders, 2014).

Core Microbiome (Abundant and Rare)
For core microbiome analyses, we referenced the Weighted UniFrac PCoA plot (Figure
3) and bacterial community taxa bar plots (Figure 4) to determine if NWERN sites shared similar
bacteria that should be grouped. The Red Hills and Twin Valley sites were grouped together as
the microbial communities were clustered closely together in the PCoA plot (Figure 3) and
shared similar patterns in the taxonomic bar plot (Figure 4). The Lordsburg site only contained
two samples and was not sufficient to run statistical and bacterial analyses, therefore this site was
excluded from these analyses. All other sites were analyzed individually. We then assigned
ASVs from all the bacterial communities into two abundance classifications: abundant (>1%
relative abundance) and rare (<1% relative abundance) (Ogata et al., 2020). These ASVs also
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had to be present in at least 50% of the samples (50% prevalence) of that site group to be
considered in the abundance categories.
We identified bacterial core communities (core) for each site by using Qiime2 filterfeatures and filter-features-conditionally queries to select for those ASVs that are present based
on the above classifications: abundant and rare. We established a 50% prevalence cutoff to
identify microbial taxa that were consistently represented at the sites and therefore categorized
common bacterial association at each location. We used taxa bar plots generated by R. ggplot2
(Wickham R., 2016) to visualize the composition of microbial cores that were displayed as
percentages of bacterial core taxa. This visualization lists the species that fit the parameters and
the proportion of individual species to the total microbial population for that area. Tables were
then created for each core (abundant and rare) listing the species and highlighting which
NWERN sites they were present.

Seasonal influences on microbial community composition
We visualized each NWERN site and its total bacterial community composition using R.
ggplot2 (Wickham R., 2016) to create taxa bar plots that display relative abundance of each
phylum. The packages used were microbiome (Lahti & Shetty et al., 2017) and phyloseq
(McMurdie & Holmes, 2013). In QIIME 2 2022.2 (Bolyen et al., 2019) we performed a principal
coordinate analysis (PCoA) using Weighted UniFrac distance matrix for each of the individual
and grouped NWERN sites. Each site had varying number of samples, feature counts and total
frequencies, and therefore the sampling depth (or rarefaction depth) differed. The feature counts,
total frequencies and rarefaction depth used varied for each site are presented in Table 2. We
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then performed a PERMANOVA analysis (Anderson, 2017) using the adonis2 function to test
for the effects of precipitation, soil texture, season
, elevation, and location on the microbial community at each site. Some sites (Akron, El Reno,
and Mandan) did not have enough samples (n < 6) to run a PERMANOVA analysis.

Particle Size and Soil Texture analysis
We analyzed the dust samples for particle size using the Sequoia LISST-Portable Particle
Size Analyzer Version 3 (Sequoia Scientific Inc, Bellevue, WA USA). We mixed the sample by
either shaking the bag or inverting the container before we weighed out 100mg of dust. We
placed the dust in a 25mL plastic bottle and added 20mL of 3% Sodium Hexametaphosphate
(SHMP) dispersing solution that prevents the clumping of clay particles in solution. The samples
were left overnight on the countertop in room temperature environment. The next morning, we
placed the bottles on a shaker for 30 minutes at 200rpm and afterwards placed the tubes in the
ultrasonic bath for 10 minutes. After the samples were prepared for processing, we then
proceeded with the LISST-Portable protocol and followed the on-screen prompts. The results
were then transferred to an excel spreadsheet by connecting the machine to the computer.
We used the particle size information in the Excel spreadsheet to determine soil texture
for each dust sample. Particle size that was < 2µm was considered clay; between 2µm - 63µm
was silt and anything > 63µm was sand. Particle size fractions of clay and sand were input into
TRIANGLE: A Program for Soil Textural Classification (Gerakis and Baer, 1999) that used the
USDA textural triangle to classify the soil texture.
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RESULTS
Unique microbial communities based on location factors
There were unique microbial communities across NWERN sites based on locationspecific factors, where precipitation and soil texture predominantly influenced the spread of the
PCoA plot by 49.60% along axis 1 (Figure 1). PERMANOVA results further validates this
observation as follows, precipitation make these all consistent (F = 43, P = 0.0001, Df = 2, r2 =
0.25), location (F = 16, P = 0.0001, Df = 5, r2 = 0.23), soil texture (F = 14, P = 0.0001, Df = 3, r2
=0.12), season (F = 11, P = 0.0001, Df = 2, r2 = 0.064), and elevation (F = 5.7, P = 0.0002, r2 =
0.033) (Table 3). A taxon bar-plot at the phylum level demonstrated distinct bacterial
communities in each location (Figure 4). Generally, Red Hills and Twin Valley sites were alike,
while all others were individually distinct.

Abundant core microbiomes
An abundant core microbiome was characterized as those microbial species that were
found in at least 50% of the samples with more than 1% relative abundance. Across the five
Akron samples only three Firmicutes species met the abundant core parameters. They were
genera Romboutsia and Brevibacillus, while the other was only identifiable to the family level,
Bacillaceae (Figure 5-A). Similarly, the CPER core microbiome consisted of three Firmicutes
species that included an unknown Bacillaceae, and taxa from two genera Brevibacillus and
Bacillus (Figure 6-A). The El Reno site contained five samples, and yet seven different bacterial
species from five different phyla included in its abundant core, specifically two Firmicutes
species from the Planococcaceae family and genus Bacillus, and two Proteobacteria species from
the genera Mitochondria and Massilia. In addition, the three others were Cyanobacteria genus
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Chloroplast, Myxococcota in the Myxococcaceae, and Actinobacteriota genus Solirubacter
(Figure 7-A). The abundant core of the HAFB site also contained a high number of taxa – seven
species, however the species were from two phyla – Firmicutes and Proteobacteria. For example,
the species were from genus Sphingomonas, an Alphaproteobacteria, and genus
Stenotrophomonas, a Gammaproteobacteria. Three of the five Firmicutes species were from
Bacillaceae (genera Anoxybacillus, Geobacillus, and unidentified). The other two Firmicutes
were from the genus Brevibacillus and the other taxa in the Symbiobacteraceae (Figure 8-A).
Jornada had eight bacteria from phyla Firmicutes, Proteobacteria and Actinobacteriota in its
abundant core. Of the five Firmicutes, there were three species in the Bacillaceae (genus
Anoxybacillus, Geobacillus, and unidentified), one in genus Brevibacillus and the other taxa in
the Symbiobacteraceae; which is the same Firmicutes make-up of the HAFB site. Similarly, the
Proteobacteria clades of Alphaproteobacteria and Gammaproteobacteria are in the Jornada site,
but bacteria in genus Microvirga and family Xanthomonodaceae differentiate Jornada from the
HAFB core microbiome. Actinobacteriota genus Geodermatophilus is endemic to the Jornada
site as no other site has this genus in their abundant core microbiome (Figure 9-A). In the Moab
site, the abundant core consisted of five taxa from Firmicutes and Proteobacteria. Three
Firmicutes genus were the Anoxybacillus, Geobacillus and Paenibacillus. Anoxybacillus and
Geobacillus were cosmopolitan bacteria found in Jornada and HAFB abundant cores; however,
Paenibacillus was endemic to the Moab site. Alphaproteobacteria genus Microvirga is in this site
as well as Jornada, on the other hand genus Phenylbacterium is unique to this site (Figure 11-A).
The Mandan site possessed six bacteria in its abundant core. Five of the six bacteria were
Firmicutes, and the other species was from the phyla Deinococcota genus Deinococcus. Three
Firmicutes bacteria were from the genus Brevibacillus, Geobacillus, and Cohnella. Paenibacillus
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thermoaerophilus and uncultured compost were identified down to the species level and are
unique to the Mandan site. The genus Cohnella was also distinct to the Mandan site (Figure 10A). Red Hills and Twin Valley had a core microbiome that consists of only Actinobacteriota,
which is unlike the other NWERN sites. Four taxa made up the abundant core, two were
Geodermatophilaceae (genus Blastococcus and Modestobacter), the other was found in the
Micrococcaceae, and the last was an uncultured taxon from the Frankiales order (Figure 12-A).
Table 4 outlines all abundant core and the corresponding sites where they are present.

Rare Core Microbiomes
Microbes that had less than 1% relative abundance in at least 50% of the samples were
included in the rare core and helped create distinct cores by site. In Akron, the rare core bacteria
were characterized by four Firmicutes bacteria from the Bacillaceae and the genera
Brevibacillus, Turibacter, and Clostridium sensu stricto 1 (Figure 5-B). CPER included
Bacillaceae and genera Brevibacillus from the Firmicutes phyla, but it also included
Proteobacteria genus Methylobacterium-Methylorubrum (Figure 6-B). There were four bacteria
in the rare core for the El Reno site, specifically taxa from the Proteobacteria genus Massilia,
Actinobacteriota family Micrococcaceae, Bacteriodota family Sphingobacteriaceae, and
Firmicutes family Planococcaceae. These bacteria were specific to only El Reno’s rare core
(Figure 7-B). The HAFB site contained nine bacteria in its rare core and four were from the
Firmicutes and Proteobacteria with on taxa from the Actinobacteriota. Of the four Firmicutes,
three were from Bacillaceae (genera Anoxybacillus, Geobacillus, and unidentified), and
Brevibacillaceae (genus Brevibacillus). Of the four Proteobacteria, three were
Alphaproteobacteria in the order Rhizobiales (genera Bradyrhizobium, Methylobacterium-
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methylorubrum, and unidentified Xanthobacteraceae), and Gammaproteobacteria
Xanthomonadaceae (genus Stenotrophomonas). The only Actinobacteriota were in genus
Rhodococcus. Rhodococcus, Bradyrhizobium, Stenotrophomonas and the unidentified
Xanthobacteraceae created a distinct fingerprint in the rare core of the HAFB site (Figure 8-B).
Jornada shares three bacteria with other sites while two were endemic to Jornada locale. The
shared bacteria are Firmicutes (genera Anoxybacillus, Geobacillus, and Brevibacillus). The two
endemic bacteria were in the Bacteroidota family Chitinophagaceae and Firmicutes family
Symbiobacteraceae (genus uncultured) (Figure 9-B). At the Moab site there are two species in
the rare core, and both bacteria are found in other sites. They were Firmicutes Bacillaceae (genus
unidentified) and genus Brevibacillus (Figure 11-B). In Mandan, only Firmicutes genus
Brevibacillus was present in the rare core, which was shared with four other sites (Figure 10-B).
There were five bacteria in the rare core of the Red Hills and Twin Valley site, specifically two
Actinobacteriota, two Proteobacteria and one Bacteroidota. Only one Actinobacteria
(Micrococcaceae) was shared with El Reno. Actinobacteria genus Blastococcus, Proteobacteria
(genera Noviherbaspirilum and Sphingomonas), and Bacteroidota (Segetibacter uncultured
bacterium) were endemic to Red Hills and Twin Valley locations (Figure 12-B). Table 5 shows
all rare core microbes and which sites they were present in.

Seasonal changes in microbial communities
Season was one factor driving bacterial community composition seen in the sites (Table
3). PERMANOVA analyses were computed on the other locations, and Weighted UniFrac PCoA
plots and taxa bar plots were created for all sites to visualize bacterial communities and
similarities between samples within a site. Seasonal shifts in the bacterial community were

20

observed in CPER, HAFB, Jornada, Red Hills and Twin Valley. There was no seasonal change
in microbial population at Moab (p = 0.99).
At CPER, season (F = 7.6, P = 0.007, Df = 2, r2 = 0.45) and year (F = 11, P = 0.001, Df =
1, r2 = 0.34) were factors influencing the total microbial community (Figure 14-C). A visual
representation of communities is presented in the CPER taxa bar plot (Figure 14-A) and PCoA
plot (Figure 14-B). At HAFB, only season contributed to the bacterial composition (F = 11, P =
0.001, Df = 2, r2 = 0.52) (Figure 15-C). The HAFB taxa bar plot (Figure 15-A) and PCoA plot
(Figure 15-B) demonstrates these seasonal differences. Like HAFB, season at the Jornada site
was also a factor influencing bacterial species distribution (F = 3, P = 0.006, Df = 2, r2 = 0.24);
however, it is visually ambiguous in the taxa bar plot (Figure 16-A) and PCoA plot (Figure16B). Unlike the others, season does not influence the bacterial composition at Moab (F = 1.9, P =
0.099, Df = 2, r2 = 0.14) (Figure 17-C). A taxa bar plot (Figure 17-A) and PCoA plot (Figure 17B) may be referenced for details. Bacterial communities at Red Hills and Twin Valley, like
CPER, was driven by both season (F = 2.7, P = 0.001, Df = 2, r2 = 0.18) and year (F = 2, P =
0.032, Df = 1, r2 = 0.065) (Figure 18-C).

DISCUSSION
Shifting microbial communities between dust source regions
Our hypothesis that bacterial communities will differ between dust source regions was
validated, and taking into consideration the local climates, soil texture, and precipitation, we
found that multiple factors contribute to the bacterial dust fingerprinting. Based on the PCoA
plots (Figure 3) and taxonomic bar plots (Figure 4), some sites like Red Hills and Twin Valley
resembled very similar bacterial grouping, while others like HAFB and El Reno had a wider
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distribution of bacteria. Each site had similarities and differences that may be harnessed to track
dust emissions.
Red Hills and Twin Valley are both located in Nevada and have similar elevation,
precipitation levels, soil texture, land use management, and also suffered burns from the Martin
Fire in 2018. Red Hills is at an elevation of 1725m, and Twin Valley elevation is 1668m, which
are the highest elevations amongst the sites. Both sites received an average precipitation of
200mm, which is the lowest rainfall level amongst all the locations, and soil texture were similar
- loam and silt loam (Table 1). These are strong driving factors dictated the bacterial similarity
across between these two sites. Almost all sites, except Red Hills and Twin Valley, were
dominated by Firmicutes. Firmicutes produce endospores and were commonly found in highly
degraded soils as these taxa may withstand harsh climates and environments. Red Hills and Twin
Valley contain relatively high abundance of Actinobacteria, Proteobacteria and Bacteroidota in
comparison to other sites. This may be a result of the fire eliminating all other bacteria or these
bacteria are indicators of this geographic region type, i.e, low precipitation high elevation
deserts. Actinobacteria are often found in hyper-arid soils like the Atacama Desert (Azua-Bustos
et al., 2015; Crits-Christoph et al., 2013; Drees et al., 2006), and possess a negative correlation to
average soil relative humidity (Neilson et al., 2017).

Abundant Core and Rare Core
Site core microbiomes (abundant vs rare) demonstrated that within an area some bacteria
were generalists while others were specialists based on the local climate and characteristics.
Understanding microbial similarities and differences are useful for developing fingerprints for
dust source regions in the Western USA.
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The Akron abundant core shared two common species with CPER from family
Bacilliaceae and Brevibacilliaceae. As Firmicutes members, these taxa are gram positive bacteria
which can form endospores to adapt against atmospheric stressors like UV radiation and
desiccation (Maki et al., 2019; Nicholson et al., 2000), and allows them to dominate dust samples
(Kakikawa et al., 2008; Maki et al., 2008; Xu et al., 2018). Unique species to the Akron site were
genus Romboutsia in the abundant core, and genera Clostridium sensu stricto 1 and Turicibacter
in the rare core. A relatively abundant combination of these genera was found in soil added with
anaerobically digested slurry (Lu et al., 2021), and in bioleaching and aerobic digestion of heavy
metals (Zhang et al., 2021). Clostridium sensu stricto 1 and Romboutsia were also present in
river sediments containing heavy metals (Pan et al., 2022). These bacteria are acidogenic as
Turicibacter may tolerate heavy metals (Zhao et al., 2021), Clostridium produces hydrogen and
assists in heavy metal removal (Eom et al., 2020), and Romboutsia also produces acid and
hydrogen (Yang and Wang, 2019).
The Akron site is categorized as a cropland agricultural site and the presence of
Romboutsia, Clostridium sensu stricto 1, and Turicibacter, which are associated with presence of
heavy metals or anaerobically digested slurry is unexpected. This suggests that Akron may
contain heavy metals or the use of anaerobically digested mixtures for fertilization in agriculture.
Further geochemical analysis of this site may provide a stronger correlation and understanding
between taxa and the specific chemical characteristics of the area.
The CPER site does not have any unique bacteria in either its abundant or rare core. The
two bacteria shared with only one other site are Bacillus and Methylobacterium-Methylorubrum.
Bacillus forms endospores like other Bacillaceae members (Dastrup et al., 2018; Maki et al.,
2008). The genus Methylobacterium-Methylorubrum, an Alphaproteobacteria, is highly stress-
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resistant to radiation and desiccation (Favet et al., 2013; Gonzalez-Toril et al., 2020), is
methylotrophic and uses methanol, formate, and formaldehyde for energy (Favet et al., 2013;
Gallego et al., 2005; Liu et al., 2022). Methylobacterium may be found in various environments
(Gallego et al., 2005), including in air samples at a landfill in China (Yang et al., 2022), the
Iberian Peninsula (Gonzalez-Toril et al., 2020), and are known as plant colonizers (Innerebner et
al., 2011; Knief et al., 2010). Cai et al., (2022) concluding that Methylobacterium’a presence at
their site may result from local plants or leaf surfaces that covered nearby hills.
CPER is a rangeland site that is grazed by cattle, but it is also surrounded by the Pawnee
National Grassland in the north. The proximity of this site to a large area of grassland may result
in the presence of Methylobacterium-methylorubrum in the dust samples. A study of whether this
bacterial species is relatively abundant within the surrounding grasslands and its soils may offer
a more detailed fingerprint and link between this bacteria and the CPER site.
The El Reno site contained endemic bacteria in both its abundant and rare core – genera
Solirubrobacter, Massilia and others identified to the family level. Genus Solirubrobacter was
found highly abundant in the alpine grasslands on the Tibetan Plateau and was therefore
highlighted as a sensitive indicator for this land use type – alpine grasslands (Jiang et al., 2021).
Solirubrobacter was also found among other genera in association with biocrust cover and
decreased in relative abundance with the improvement of soil conditions (Miralles et al., 2020).
Genus Massilia, a Gammaproteobacteria, was dominant in industrial areas like sewage plants,
croplands, streets and smelting areas of Beijing (Li et al., 2020). In one urban location, its
abundance correlated with temperature and ozone but was negatively correlated with carbon
monoxide, humidity, and air quality index (pollution), nevertheless it was relatively abundant in
any sample (Cai et al., 2022). In another large city, the increase of pollution, PM2.5 and sodium
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air levels lead to an increase in Massilia abundance (Zhang et al., 2019). The family
Myxococcaceae (Myxococcota) was identified as an indicator for soil fatigue, which is the
depletion of nutrients needed for vegetation growth in soils (Wolinska et al., 2018). In the same
study, Firmicutes family Planococcaceae was identified as also being ecologically important,
although no other details were shared (Wolinska et al., 2018). Bacteroidota family
Sphingobacteriaceae was associated with low yield wheat soil (Schlatter et al., 2022), but also
was beneficial in soil micro-aggregation in alfalfa fields as some Sphingobacteriaceae species
may create glycosphingolipids that have adhesion properties (Caeser-TonThat et al., 2007; Olson
and Jantzen. 2001).
The El Reno site is an agricultural site with the primary vegetation being winter wheat
and annual grasses. This may be the reason why we see the presence of plant associated bacteria
like Solirubrobacter, Myxococcaceae, and Sphingobacteraceae in our dust samples. On the other
hand, Massilia are bacteria typically found in industrial processes and Oklahoma City is
approximately 50km away from the site, which may explain its presence. A large wastewater
treatment facility or manufacturing plant nearby may also explain the presence of Massilia in our
dust samples.
The HAFB site shared abundant core bacteria (Anoxybacillus, Geobacillus, Brevibacillus,
Symbiobacteraceae) and rare core bacteria (Anoxybacillus, Geobacillus, MethylobacteriumMethylorubrum) with other sites. Anoxybacillus and Geobacillus contain bacteria that form
endospores, are thermophilic, and may be found in various environments such as hot-springs,
soils, and dairy manufacturing plants (Burgess et al., 2017; Cihan et al., 2014; Zeigler, 2014).
Two Proteobacteria are endemic to the HAFB abundant core – Sphingomonas and
Stenotrophomonas. Genus Sphingomonas is an Alphaproteobacteria that can be found in various
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soil types (Kim et al., 2013; Ko et al., 2017; Liu et al., 2016), water bodies (Lee et al., 2001;
Sheu et al., 2015), root systems (Xie and Yokota, 2006; Zhu et al., 2015), biocrusts (Zhang et al.,
2017) toxic areas (Chaudry and Kim, 2016), and alpine snow (Carey et al., 2016; Dastrup et al.,
2018). Sphingomonas can use various organic substrates like aromatic hydrocarbons and glucose
(Dastrup et al., 2018; Regonne et al., 2013) which allows it to live in different habitats. Genus
Stenotrophomonas is a Gammaproteobacteria, that is frequently linked to human-based activities
like farm production (Chien et al., 2011), and wastewater treatment (Han et al., 2019).
Stenotrophomonas, like Sphingomonas, contains species that may utilize hydrocarbons (AlBader et al., 2012; Ali et al., 2012). The HAFB rare core consisted of genera Rhodococcus and
Bradyrhizobium, an Actinobacteria and Alphaproteobacteria, respectively. Rhodococcus is useful
in bioremediation studies as this species is often dominant in oil-contaminated soils (Lysak and
Lapygina, 2017); may effectively degrade petroleum hydrocarbons (Chen et al., 2018; Pham et
al., 2018; Wei et al., 2021); and decompose phthalates, isoprene, and other organic compounds
(Zhao et al., 2019). Bradyrhizobium are usually plant associated as some species fix nitrogen and
can be symbiotic or non-symbiotic (Favet et al., 2013; Pongslip et al., 2002), and are present in
early stages of biocrust formation (Xu et al., 2021). Some Bradyrhizobium are present in heavy
metal wastewater, which displays a high tolerance for heavy metals (Ahmad et al., 2001).
The HAFB site is a protected military airfield and is managed as a rangeland with
occasional grazing by gemsbok and cattle. The presence and combination of Sphingonomas,
Stenotrophonomas, and Rhodococcus in the HAFB abundant and rare core demonstrate the
presence of petroleum and hydrocarbons at this site. Because this site is a protected military air
force base, there may be military testing and training involving jet fuel, petroleum, and
hydrocarbons that explains the presence of these bacteria. Furthermore, the presence of
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Sphingonomas and Bradyrhizobium demonstrate that there is a vegetation or biocrust element, as
they are present in root systems and biocrust formation. The soil surface of the HAFB site
contains biocrusts and in some areas are visibly present as darkened crusts. The vegetation at this
site is a mixture of grasses, forbs and shrubs. Therefore, the vegetation and biocrusts at the
HAFB site may be why we see bacteria like Sphingomonas and Bradyrhizobium in our dust
samples.
The Jornada site had the same Firmicutes members as the HAFB location. These genera
(Anoxybacillus, Geobacillus, Brevibacillus) and families (Bacillaceae and Symbiobacteriaceae)
are generalist species with high relative abundance across a lot of the sites. These main
Firmicutes members that are present in both HAFB and Jornada sites may be descriptive of the
general New Mexico area. Genus Microvirga, a Gammaproteobacteria, was shared between the
Jornada and Moab sites. Some Microvirga members may reduce nitrogen gas to ammonia
(Ardley et al., 2012; Favet et al., 2013), oxidize arsenite (Tapase and Kodam, 2018), possess
heavy metal tolerance (Zhang et al., 2020), and are present in extreme and harsh systems, e.g.,
geothermal springs (Kanso and Patel, 2003), air samples (Weon et al., 2010), and sandy deserts
(Osman et al., 2021). An Actinobacteria genus Geodermatophilus and an unidentified
Xanthomonadaceae bacteria was unique to the Jornada site. Geodermatophilus members are
stress resistant to UV and gamma radiation, desiccation, and heavy metals (Gtari et al., 2012;
Hezbri et al., 2016; Sghaier et al., 2016), and often present nutrient poor areas like surfaces of
calcarenite stones or sandy desert soils (Jiang et al., 2021; Sghaier et al., 2016). An identification
of this Geodermatophilus species may provide a more detailed fingerprint for the Jornada locale.
There are also unidentified members of the Xanthomonadaceae, Chitinophagaceae, and
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Symbiobacteraceae family that are unique to this site but will also need a more detailed
taxonomy to understand their use in fingerprinting source locations.
The Jornada site is a rangeland that is grazed by cattle and has a mixture of native
grasses, forbs and shrubs as vegetation. The presence of Microvirga may be a result of this
mixed vegetation, or heavy metals in the soil. Geodermatophilus may be present due to the high
UV and desiccation stress found at the Jornada site. Like other sites, further identification of the
bacteria to the species level may provide a more distinct bacterial fingerprint to these dust source
regions.
Anoxybacillus and Geobacillus were members of the abundant Moab core, and were
shared with Jornada, and HAFB. Genera Paenibacillus (Firmicutes) and Phenylobacterium
(Proteobacteria) were specific to the Moab site. Paenibacillus members are often isolated from
various sources in animals, humans, and plant roots (Grady et al., 2016). Paenibacillus perform
different functions and promote growth in a variety of plants (Ker et al., 2012; Sheela and
Usharani, 2013) through fixing nitrogen (BB et al., 1992; Weselowski et al., 2016), phosphorus
solubilization (Jakobsen et al., 2005; Rodriguez and Fraga, 1999), and as a form of biocontrol
(Phi et al., 2010; Sharma et al., 2012). Phenylobacterium members are isolated from a variety of
sources including water (Tiago et al., 2005), activated sludge (Aslam et al., 2005), soil (Lingens
et al., 1985), and desert soil (Khan et al., 2017). Phenylobacterium is often used in
bioremediation of polycyclic aromatic hydrocarbons (PAH) (Lu et al., 2019) and oxygenated
PAHs, like anthraquinone (Rodgers-Vieira et al., 2015).
The Moab site is a rangeland that is grazed by cattle and native herbivores. The primary
vegetation at the site are warm season grasses and woody species. The area consists of welldeveloped biocrusts, however there are weak biocrusts at the site due to livestock grazing.
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Paenibacillus are plant associated bacteria and may be present due to vegetation at the Jornada
site. Phenylobacterium are stress resistant bacteria linked to desert soils and soils containing
hydrocarbons. There may be an element of oil-contamination at the Moab site, or these bacteria
may even be present in our dust samples due to the high UV radiation and desiccation found in
this region.

The Mandan location contained four unique microbes in its abundant core that can
provided a bacterial fingerprint for the area. Deinococcus, from the Deinococcota phylum, was
transported and increased in abundance during dust events in China (Rao et al., 2020), and is
stress resistant to radiation, UV radiation, and desiccation (Callagan et al, 2008; Meola et al.,
2015; Rao et al., 2020; Yang et al., 2008). Deinococcus members exist in arid habitats including
Gobi Desert (Yuan et al., 2009), Saharan Desert (Chuvochina et al., 2011; Favet et al., 2013),
and Sonoran Desert (Rainey et al., 2005). Firmicutes members are highly stress resistant and a
study of microbial desiccation resistance highlighted that Cohnella and Paenibacillus were
among microbes that grew in soils that were air dried for over 70 years (Zhao et al., 2021). The
Cohnella genus exist in has been found in a variety of environments including soils (Huang et
al., 2014; Jiang et al., 2012), volcanic ponds (Cho et al., 2007), landfills (Yang et al., 2022), and
plants (Johnson et al., 2021; Kampfer et al., 2014). Some Cohnella species may be plant
endophytes that help plants acquire nutrients that may be unavailable to them otherwise (FloresFelix et al., 2014; Meng et al., 2019), additionally Cohnella species may be involved in the
breakdown of plant materials, i.e., cellulose and hemicellulose (Hameed et al., 2013; Yang et al.,
2022). Paenibacillus thermoaerophilus was first isolated from compost in Japan that contained
tree leaves, bark, and buckwheat husks (Ueda et al., 2013). P. thermoaerophilus optimally grows
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at 50-50 ºC and produces chitinase when colloidal chitin is present, but not when different sugars
(glucose, maltose, or sucrose) are added (Ueda et al., 2015). An uncultured specie of the
Paenibacillaeceae family was also detected, however not enough information was provided for
further ecological links to our dust.
The Mandan site is a cropland agricultural area that mainly grows sunflowers, soybean
and canola. This site is within the Temperate Steppe region of North Dakota with its abounding
grasslands. The presence of Cohnella in conjuction with P. thermoaerophilus may suggest an
element of plant decomposition at this site. Cohnella breaks down cellulose and hemicellulose,
while P. thermoaerophilus breaks down chitin. One breaks down plant material while the other is
associated with breakdown of insects and fungi. This site may also use these bacteria as forms of
biocontrol.
The abundant core in Red Hill and Twin Valley contained only Actinobacteria species,
which were common in hyper-arid soils (Neilson et al., 2017), and not found in other sites’
abundant cores. Family Micrococcaceae and Geodermatophilaceae (genera Blastococcus and
Modestobacter) were unique to Red Hill and Twin Valley sites. Blastococcus and Modestobacter
were abundant in Badain Jaran Desert (BJD) and Tengger Desert (TD) of China that receive an
average of 150mm and 116-148mm, respectively (Sun et al., 2018), and high-altitude Atacama
Desert soil noted for low concentrations of organic carbon, high solar radiation, and low water
content (Golinska et al., 2020; Neilson et al., 2017). Micrococcaceae members were also
abundant in both Chinese deserts, BJD and TD, but was more prevalent than
Geodermatophilaceae in BJD than TD, and the reverse was true (Sun et al., 2017).
In the rare core of Red Hills and Twin Valley, genus Noviherbaspirillum, a
Proteobacteria, and Segetibacter uncultured_bacterium in the Chitinophagaceae family of
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Bacteroidota, were unique bacteria to these sites. Noviherbaspirillum were commonly found in
high elevation wet deposition samples in the Sierra Nevadas (Triado-Margarit et al., 2019), oilcontaminated locations (Chaudhary et al., 2021; Lin et al., 2013), and grassland soils (Chaudhary
et al., 2017). Bacteroidetes are common in air samples in Asia (Aalismail et al., 2020; Tang et
al., 2017) and like Actinobacteria increases in relative abundance with reduced aeolian particle
size (<3.3 µm) (Polymenakou et al., 2008), suggesting that finer soil or dust texture may consist
of more Actinobacteria and Bacteroidota species. Chitinophagaceae members are also present in
desert, urban, forest and farmland soils (Dahal et al., 2021; Li et al., 2022), however genus
Segetibacter (S. koreensis) is relatively new and was discovered in a ginseng field in South
Korea (An et al., 2007). A second Segetibacter species (S. aerophilus) was isolated from air
samples in South Korea (Weon et al., 2010).
The Red Hills and Twin Valley sites are rangelands that are grazed by cattle and wild
horses. In 2018 there was a fire that occurred (Martin Fire) and burned almost all the surrounding
areas. The relative abundance and prevalence of Blastococcus and Modestobacter in these high
elevation and low precipitation areas and their ability to persist in such locales show that they are
great indicators of this type of environment i.e., high elevation, low precipitation. The presence
of Micrococcaceae in these areas further supports this. The abundant and rare core of these sites
is unlike the other sites, and this may be because of the fire. All other NWERN sites have not
been affected by widespread fire. Without knowing the bacterial communities present before the
fire, it is difficult to determine whether the presence of these bacteria is solely due to the dust
source region or are impacted by the fire. Additionally, further genomic analyses on
Noviherbaspirillum and Segetibacter would be useful for identification and may provide a more
precise fingerprint of Red Hills and Twin Valley as a dust source.
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Seasonal change in microbial community
Changes in temperature, precipitation, and humidity may influence the bacterial
community as some bacterial taxa may be more sensitive to changes in humidity, precipitation,
and temperature (Cai et al., 2022). There was no seasonal influence on bacterial community
composition at the Moab site, and this may be because precipitation falls consistently throughout
the year. It may fall slightly more or less in other months, but generally the precipitation events
are even throughout the year. At the CPER site 70% of the annual precipitation occurs during
spring and summer, which may explain the shift in bacterial distribution at this site. At the
HAFB and Jornada sites, 50% and 60% of its annual precipitation occur during the months of
June to September, respectively. Red Hills and Twin Valley receive most of its precipitation as
winter snow and may be the contributing factor to the shift in bacterial community composition.
The bacterial community is influenced by season at these sites and the pattern of precipitation
may explain this. Additionally, the seasonal shift changes air temperature and may be an
additional factor that influences bacterial distribution.
Precipitation levels, location, and soil texture are still a more dominant influence in
comparison to seasonal shifts (Table 3 and Figure 3). Therefore, site characteristics are still a
stronger predictor and useful for bacterial fingerprinting. Season is a driving factor of bacterial
distribution particularly within certain sites. A closer look at climate and weather changes at
individual sites may provide further insight on what specific seasonal characteristics influence
this change in those bacterial community.
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CONCLUSION
The use of bacterial biomes to fingerprint dust source regions is a viable method of
tracking dust from source to sink. If microbes may be identified down to the species level, it may
provide an even more detailed fingerprint that may be connected to dust sources and their local
climate and environment. Core microbiomes provide a way to filter out the bacterial noise by
focusing on those major (> 1% relative abundance) and minor (< 1% relative abundance)
bacteria present in at least 50% of the samples at a site. The bacteria listed in these abundant and
rare cores provide a reproducible pattern to fingerprint dust source regions.
The Akron and CPER site share similar climate, geography and soil type, however,
Akron can be differentiated from CPER and other sites because of the presence of unique
bacteria (Romboutsia, Clostridium sensu stricto 1, and Turicibacter) that is typically associated
with heavy metals. Based on the bacterial fingerprint the El Reno site consists of a core
microbiome (Solirubrobacter and Massilia) that is associated with both plants and industrial
processes. On the other hand, the HAFB site and Jornada site share many cosmopolitan species
however the endemic species can be used to differentiate between the two sites. The HAFB core
microbiome consists of bacteria typically associated with hydrocarbons (Sphingomonas,
Stenotrophomonas, and Rhodococcus) and biocrusts (Sphingomonas and Bradyrhizobium). The
Jornada core consists of bacteria usually associated with plants or heavy metals (Microvirga),
high stress tolerance to UV radiation and desiccation (Geodermatophilus). The Moab core
contains bacteria that are typically found in plant or agricultural areas (Paenibacillus) and oilcontaminated soils (Phenylobacterium). The bacteria in the core microbiome of the Mandan site
are closely associated with enzymatic breakdown of plant cellulose and hemicellulose (Cohnella)
and chitin (Paenibacillus thermoaerophilus). The Red Hill and Twin Valley sites are different to
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other sites because they contain more unique Actinobacteria in comparison to other sites. Red
Hills and Twin Valley core microbiome consist of Blastococcus and Modestobacter that are
associated with high elevation and low precipitation desert soils.
The unique combination of these bacteria at each site provides a key to fingerprint dust
source regions (Table 4 and Table 5). Identification of these bacteria down to the species level
may provide a more specific fingerprint and deeper understanding of the relationship between
bacteria transported in dust and where they come from.
Precipitation, soil texture, season, and elevation were locale-based factors that influence
the endemic and cosmopolitan distribution of taxa. Within some sites (CPER, HAFB, Jornada,
Red Hills and Twin Valley) season influenced the change in bacterial community composition.
Variables that change as seasons shift include, but are not limited to, humidity, temperature, and
precipitation, with precipitation being the strongest factor at our sites (Table 3). These variables
may be the underlying cause of those bacterial changes in relation to seasonal shift. An
understanding of these patterns at each site may provide a seasonal bacterial fingerprint as some
bacteria may be more dominant during certain seasons.
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FIGURES

Figure 1 – Map of NWERN site locations across the Western USA.
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Images from NWERN Standard Methods for Wind Erosion Research and Model
Development: Protocol for the National Wind Erosion Research Network

Figure 2 - Modified Wilson and Cook samplers used by NWERN to collect dust samples. It uses a large
fin/wind vane mounted on a mast that swings as wind blows. There are four collection bottles set at
heights of 10cm, 25cm, 50cm, and 100cm on the mast. Each bottle has an inlet and outlet piping to allow
for wind movement while trapping dust inside the collection bottles.
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Figure 3 - Weighted UniFrac Principal Coordinate Analysis (PCoA) plots of site locations with respect to
(A) precipitation levels and (B) to soil texture. Precipitation levels correspond to average rainfall (mm)
and grouped based on High (600-800mm), Medium (250-600mm) and Low (<250mm). Points that are
closer to each other are more similar than those farther away. Red Hills and Twin Valley cluster closely
together, HAFB has a wide vertical spread, CPER spreads out horizontally, El Reno is in its own group,
and the others are closely clustered to each other.
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Figure 4 - Microbial taxa bar plot at the phylum level showing the relative frequency of each phylum to
others across all NWERN sites. Firmicutes have a large relative frequency across most of the sites except
for Red Hills and Twin Valley, which have lower relative abundance of Firmicutes. Within each location
there are similar microbial communities but differ between locations except for Red Hills and Twin
Valley.
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Figure 5 - Microbial taxa bar plot for Akron, Colorado location that were filtered for (A) abundant taxa
(>1% relative abundance, >50% prevalence) and (B) rare taxa (<1% relative abundance, >50%
prevalence). Firmicutes are dominant phyla in both abundant and rare taxa.
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Figure 6 - Microbial taxa bar plot for Central Plains Experimental Range (CPER), Colorado location that
were filtered for (A) abundant taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1%
relative abundance, >50% prevalence). Firmicutes are dominant phyla in both abundant and rare taxa,
with one Proteobacteria represented in the rare taxon bar plot.
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Figure 7 - Microbial taxa bar plots for Southern Plains - El Reno, Oklahoma location that were filtered for
(A) abundant taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1% relative
abundance, >50% prevalence). There are 7 abundant bacteria that create the core microbiome of the El
Reno site with various phyla and 4 bacteria in the rare taxa with 4 different phyla.
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Figure 8 - Microbial taxa bar plot for Holloman Air Force Base (HAFB), New Mexico location that were
filtered for (A) abundant taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1%
relative abundance, >50% prevalence). Firmicutes and Proteobacteria are dominant in both the abundant
and rare core of this site. There is also a seasonal shift of the microbial core community from Spring and
Summer to Fall.

69

A.

B.

Figure 9 - Microbial taxa bar plot for Jornada, New Mexico location that were filtered for (A) abundant
taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1% relative abundance, >50%
prevalence). Firmicutes has a higher relative abundance in both the abundant and rare core. Bacteroidota
is the only other phyla in the rare taxa. Proteobacteria and Actinobacteriota are present in the abundant
core but make up smaller portion of the relative abundance.
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Figure 10 - Microbial taxa bar plot for Northern Plains - Mandan, North Dakota site. The microbes were
filtered for (A) abundant taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1%
relative abundance, >50% prevalence). Firmicutes is dominant in both abundant core microbiome and
rare. Deinococcota is the other phyla present in the abundant core microbiome for this site.
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Figure 11 - Microbial taxa bar plot for Moab, Utah location that were filtered for (A) abundant taxa (>1%
relative abundance, >50% prevalence) and (B) rare taxa (<1% relative abundance, >50% prevalence).
Firmicutes and Proteobacteria dominate this site with firmicutes also being present in the rare core. Some
samples are not represented in the rare taxa because there were no microbes that fit the parameters for
consideration.
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Figure 12 - Microbial taxa bar plot for Red Hills and Twin Valley, Nevada site. The microbes were
filtered for (A) abundant taxa (>1% relative abundance, >50% prevalence) and (B) rare taxa (<1%
relative abundance, >50% prevalence). Actinobacteriota is dominant in the abundant core microbiome. In
the rare taxa there are two Actinobacteriota species that have similar phylogeny to those present in the
abundant core. There is also one Bacteroidota, and one Proteobacteria present in the rare core.
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Figure 13 - Taxonomic bar plots and Weighted UniFrac PCoA plots of NWERN sites - Akron, El Reno,
Mandan. Taxonomic bar plots show all phyla present in each site location. PCoA plots show Group and
Season. There were not enough samples to run PERMANOVA analyses.
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Figure 14 - (A) Taxonomic bar plot for CPER site showing all phyla found in each dust sample, x-axis
sorted by Season and visual pattern shows a slight change in microbial composition at different seasons.
(B) Weighted UniFrac PCoA plot with points for Group and Season. (C) PERMANOVA results where
Season is the greatest driving factor followed by Year in bacterial community composition.
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Figure 15 - (A) Taxonomic bar plot for HAFB site showing all phyla found in each dust sample, x-axis
sorted by Season and visual pattern shows a slight change in microbial composition at different seasons.
(B) Weighted UniFrac PCoA plot with points for Group and Season. (C) PERMANOVA results show
that Season is the greatest driving in bacterial community composition. Year and Group do not affect
microbial community distribution.
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Figure 16 - (A) Taxonomic bar plot for Jornada site showing all phyla found in each dust sample, x-axis
sorted by Season. (B) Weighted UniFrac PCoA plot with points for Group and Season. (C) The visual
pattern in the taxa bar plot (A) does not show a change in microbial composition at different seasons
however, PERMANOVA results show that Season is the greatest driving factor in bacterial community
composition at Jornada.
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Figure 17 - (A) Taxonomic bar plot for the Moab site showing all phyla found in each dust sample, x-axis
sorted by Season. (B) Weighted UniFrac PCoA plot with points for Season and Year. (C) PERMANOVA
results show that Season, Year, and Group do not drive bacterial community composition at Moab.
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Figure 18 - (A) Taxonomic bar plot for Red Hills and Twin Valley sites showing all phyla found in each
dust sample, x-axis sorted by Season. (B) Weighted UniFrac PCoA plot with points for Location and
Season. (C) PERMANOVA results show that Season is the greatest driving factor, followed by Year in
bacterial community composition at Jornada.
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TABLES
Table 1 - Basic characteristics of NWERN sites. All the information is from the NWERN website, but the
Dust Texture column is based on particle size analyses from the dust samples.

Table 2 – Rarefaction depth, feature count and total frequency for each of the NWERN individual and
grouped sites.

Table 3 - PERMANOVA of Weighted UniFrac distance of NWERN sites. Precipitation and location were
the greatest driving factors in microbial composition. All location-based factors (precipitation, soil
texture, and elevation) and season contributed to the microbial composition.
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Table 4 - Abundant bacteria (> 1% relative abundance, >50% prevalence) at the species level, or as far as
is taxonomically possible, that is present in NWERN sites. Some are unique to sites, while others are
shared amongst sites. The colors correspond to different microbial phyla. Actinobacteria are endemic to
Red Hills and Twin Valley sites. Proteobacteria are found in El Reno, HAFB, Jornada, and Moab.
Firmicutes are shared in all samples except Red Hills and Twin Valley. CPER did not have any unique
bacteria.
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Table 5 - Rare bacteria (< 1% relative abundance, >50% prevalence) at the species level, or as far as is
taxonomically possible, that is present in NWERN sites. Some are unique to sites, while others are shared
amongst sites. The colors correspond to different microbial phyla. Actinobacteria are found in Red Hills,
Twin Valley, HAFB, and El Reno. Bacteroidota are found in Red Hills, Twin Valley, El Reno, and
Jornada. Firmicutes are found across all sites except for Red Hills and Twin Valley. Proteobacteria are
found in Red Hills, Twin Valley, HAFB, El Reno and CPER. Moab and Mandan sites have no unique
bacteria in the rare core.
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